Glutamine synthetase could be repressed several hundredfold rather than 6-to 10-fold as previously reported. Ammonia was not the primary repression signal for glutamine synthetase. Repression appeared to be mediated by a high level of glutamine and probably by a high ratio of glutamine to a-ketoglutarate. Mutations in glnA (the structural gene for glutamine synthetase) were seen to fall into three phenotypic groups: glutamine auxotrophs that produced no detectable glnA product; glutamine auxotrophs that produced a glnA product lacking enzymatic activity (and hence repressibility by ammonia) but were repressible under appropriate conditions; and glutamine synthetase regulatory mutants, whose glnA product was enzymatically active and not repressible under any conditions.
Glutamine synthetase could be repressed several hundredfold rather than 6-to 10-fold as previously reported. Ammonia was not the primary repression signal for glutamine synthetase. Repression appeared to be mediated by a high level of glutamine and probably by a high ratio of glutamine to a-ketoglutarate. Muta- tions in glnA (the structural gene for glutamine synthetase) were seen to fall into three phenotypic groups: glutamine auxotrophs that produced no detectable glnA product; glutamine auxotrophs that produced a glnA product lacking enzymatic activity (and hence repressibility by ammonia) but were repressible under appropriate conditions; and glutamine synthetase regulatory mutants, whose glnA product was enzymatically active and not repressible under any conditions.
Glutamine synthetase (GS) ofKlebsiella aerogenes has been implicated in the regulation of the formation of the histidine-degrading (hut) enzymes (18) , proline oxidase (19) , glutamate dehydrogenase (6) , asparaginase (20) , urease (9) , a tryptophan transaminase (17) , and (in related species of Klebsiella) nitrogenase (12, 28, 29) . Evidence is accumulating that GS is also involved in the regulation of its own synthesis. The support for the hypothesis of selfregulation is twofold: (i) mutations in three genes whose only known function is the interconversion of the inactive and active forms of GS (by the covalent attachment and removal of adenosine 5'-monophosphate residues) lead to abnormally regulated GS levels (8, 13) ; (ii) mutations resulting in constitutive synthesis of GS at high levels have been mapped as lying within g1nA, the structural gene for GS (7, 26) . These latter mutations are the subject of this communication.
If wild-type K. aerogenes is subjected to nitrogen starvation, either by growth in an ammonia-limited chemostat (22) or by growth in glucose minimal medium with a poor source of nitrogen such as histidine (18) , the levels of GS are high, constituting several percent of the total cell protein. In cultures growing with an excess of ammonia, the level of GS is 10-fold lower. As a result, the repression of GS has seemed to be mediated by ammonia. Three lines of evidence suggest that ammonia is not the primary signal for repression: (i) in cells grown on ammonia-rich medium containing glutamine, the level of GS is lower than in cells grown on ammonia-rich medium lacking glutamine (27) ; (ii) strains carrying the glnB3 mutation have levels of GS which, although regulated, are significantly lower than the level seen in the wild-type grown in the standard repressing medium containing glucose, ammonia, and glutamine (8, 13) ; and (iii) we and others have observed a near absence of GS in cells grown in rich broth (5) . In this communication we report that growth in a histidineammonia-glutamine medium results in such severe repression of GS that the enzyme is barely detectable. That is, the derepression ratio of GS in K. aerogenes is several hundredfold rather than the previously reported 6-to 10-fold (18) .
100
MATERIALS AND METHODS Growth and harvesting of bacteria. All bacteria used in these experiments are derivatives ofK. aerogenes W70 (15) selected for sensitivity to phage P1 (11) . The strains are listed in Table 1 . All media have been described previously (1) . The abbreviations used here are: G, 0.4% glucose; N, 0.2% ammonium sulfate; gln, 0.2% L-glutamine (freshly prepared and sterilized by filtration immediately before each experiment (see reference 1); H, 0.4% histidine. Cells were grown and harvested as described previously (2), using hexadecyltrimethylammonium bro- a All strains used in these experiments also carry the hutC515 allele (19) , except MK9267 which is hutC+.
The gInA mutations studied here have several different phenotypes, which are discussed in detail in the text. Briefly, glnA6 and glnA20 are Gln-(no GS detectable); glnA4, glnA29, and glnA45 are GlnC (GS is active and produced constitutively);gl1nA51 is Gln(AC)-(no GS activity, but aglnA product is detectable).
b P1 transduction (26) .
present (adenylylated plus nonadenylylated) (1), and the forward reaction ("biosynthetic") assay, which measures the amount of biosynthetically active (nonadenylylated) GS present, have both been described in detail (1) . Histidase assays were performed as described previously (24) . The urease assay, which measures the disappearance of urea with the dye phenylpropanedione-2-oxine, has been described (9) . All enzymatic assays were performed using suspensions of whole cells in 1% KCl with the inclusion of hexadecyltrimethylammonium bromide in the reaction mixtures to make the cells permeable to substrates (1) . Other assays. Cross-reacting material (CRM) was measured by titration of the ability of a crude extract to precipitate antibodies raised against purified GS, as described previously (7) . Protein concentrations in crude extracts and in whole-cell suspensions were determined by the method of Lowry et al. (14) with bovine serum albumin as a standard.
RESULTS
Response of mutants constitutive for GS to severely repressing conditions. The effect of ammonia on the synthesis of GS is shown in Table 2 . The GS levels in strain MK9510 (glnA +) are about 10-or 12-fold higher on G-gln minimal medium than on GN-gln minimal medium. However, when HN-gln medium is used, the repression of GS is 10 or 20 times more severe than when GN-gln is used. Thus, the repression-derepression of GS can be increased several hundredfold if appropriate media are chosen. The added ammonia is unnecessary in HN-gln medium, since the same degree of repression is seen with H-gln medium (data not shown). The added glutamine is essential, however, since GS is not so severely repressed in cells grown on HN or H media (2) .
Since the repression of GS on HN-gln medium is so much stronger than on GN-gln, it is important to show that strains previously reported to produce GS constitutively (GlnC phenotype) remain constitutive under this more severe condition of repression. The data in Table 2 show that the glnA4 mutation (in strain MK9528) and the glnA29 mutation (in strain MK9512) do indeed lead to constitutive synthesis of GS even in HN-gln medium. The glnA45 mutation is somewhat different in that the GS of strain MK9514 (glnA45) is still somewhat repressible on GN-gln and especially on HNgln media. However, this sixfold effect is small compared with the several hundredfold effect seen in strain MK9510 (glnA+).
These GlnC strains have a phenotype other than non-repressibility in common: their GS is significantly more highly adenylylated than that of the wild type under the derepressing conditions (G-gln medium). In Table 2 the adenylylation state can be estimated from the activity seen in the presence of 60 mM MgCl2; when this activity nearly equals the activity in the absence of MgCl2, the GS is largely nonadenylylated; when it is much lower, the GS is highly adenylylated (1, 25) .
Repressibility of the Gln(AC) strain. One glnA allele (ginA5I) with the Gln(AC)-phenotype has been described (26) . This mutation results in the formation of an enzymatically inactive GS detectable as antigenically CRM. (9, 20, 27) . Strain MK9513 (glnA51) has high levels of histidase and urease on both G-gln and GN-gln media, as does the GlnC strain MK9528 ( Table 3 ), suggesting that the levels of glnA product are high. However, the urease of strain MK9513 (ginA51) is repressed on HN-gln medium as it is in the wild-type strain MK9510, suggesting that the glnA product is low or absent under these conditions. This lack of urease in strain MK9513 (glnA51) contrasts with the presence of urease in the GlnC strain MK9528 (glnA4) even on HN-gln medium. Thus, if we infer the presence ofhigh levels of GS-like product from high levels of urease (or of histidase in the presence of glucose), we can conclude that the GlnC strain MK9528 has high levels of GS under all conditions measured, and the Gln(AC)-strain MK9513 has high levels of GSlike CRM on G-gln and GN-gln media, but low levels on HN-gln medium. DISCUSSION The GS of K. aerogenes is derepressed when cultures are starved of ammonia by growth in ammonia-limited chemostats (22) or by growth with a poor source of nitrogen such as proline, histidine, or nitrate (17) . The derepression seen with growth on Lglutamine as sole nitrogen source (under our conditions [1] ) is almost as conditions. Since no difference in antibody titer was seen whether the H-gln extract ofstrain MK9509 was present (a) or absent (V), this extract contained no detectable antigen cross-reacting with anti-GS antiserum. <0.001 a Assays are described in Materials and Methods. The yGT activity measures the total GS present, whereas the forward reaction activity is an estimate of the biosynthetically active (non-adenylylated) GS present. For fully non-adenylylated GS, the forward reaction values are about one-half the yGT values, whereas for fully adenylylated GS, the forward reaction values approach zero (1) .
b Specific activities are reported in units per milligram of protein. For yGT forward and urease reactions, 1 U of enzyme produces 1 ,tmol of product per min. For histidase, 1 U of enzyme produces 1 nmol of product per min.
c ND, Not determined in these experiments. In similar experiments, histidase is always found to be approximately 500 U/mg in cells grown on HN-gln medium. This high value is due to activation of hut operons by cyclic adenosine 5'-monophosphate and the CAP protein (19) . high as that obtained by these other methods; thus, we can use the same derepressing medium, G-gln, for comparing glutamine auxotrophs with prototrophs. Apparently, exogenous glutamine is not transported into the cell at a rate sufficient to cause repression of GS. If excess ammonia is added to this medium to replace glutamine as the nitrogen source, the growth rate increases and the GS is repressed about 10-fold. If a poor source of carbon such as histidine replaces glucose as sole source of carbon (H-gln medium), the GS is repressed over 100-fold.
The two classes of regulatory mutants studied here are both resistant to repression by ammonia, but differ in their response to HNgln medium. The GS of GlnC strains is resistant to repression even in HN-gln medium, but the GS of a Gln(AC) strain is repressed in Hgln medium. This difference reflects the fact that the GS in GlnC strains is enzymatically active, but the GS in Gln(AC)-strains is inactive. In both GlnC and Gln(AC)-strains, the glutamate dehydrogenase is severely repressed on G-gln or GN-gln media (6); consequently, the utilization of ammonia for the synthesis of glutamate depends entirely on GS and glutamate synthase. If the GS is inactive, then ammonia cannot be assimilated. A Gln(AC)-strain is unable to metabolize exogenous ammonia, and the GS of such a strain is resistant to repression by exogenous ammonia, suggesting that the true repression signal for GS is a metabolic product of ammonia rather than ammonia itself. Since histidine minimal medium does not exert so strong a repression as H-gln (2), it is likely that glutamine plays a role in signaling repression.
Two other observations suggest a role for glutamine. Mutations in glnB and glnE cause defects in the adenylylation system for GS (8) and concurrently lead to aberrant regulation of GS formation (13) , thus implicating the operation of the adenylylation system in repression of GS. The levels of glutamine and a-ketoglutarate normally control the operation of the adenylylation system (8, 10, 21) , and thus glutamine is implicated in the regulation of GS synthesis. This view is supported by the observation that addition of methionine sulfoximine, an inhibitor of GS (4), to cultures of K. aerogenes causes a transient glutamine auxotrophy If glutamine is indeed directly involved in repression of GS, then HN-gln should be a strongly repressing medium because: (i) the slower growth rate imposed by the poor carbon source (histidine) would make glutamine transport less of a problem: (ii) glutamate synthase, an active glutamine-degrading enzyme, is repressed by growth on histidine as the sole carbon source and glutamate is in excess under these conditions (2, 16) , thus reducing the utilization of the glutamine that does enter the cell; and (iii) the growth rate limiting a-ketoglutarate supply from histidine degradation (16) would increase sensitivity of the adenylylation system to fluctuations in the glutamine levels (21) . These same arguments hold for other media such as arginine-glutamine, which provide a-ketoglutarate slowly and glutamine in excess. In fact, arginine-glutamine medium is as repressive for GS as H-gln is (9) .
In short, we are suggesting that the GlnC strains are truly constitutive for GS formation at high levels, whereas the Gln(AC)-strains appeared constitutive (resistant to repression by ammonia) because they are unable to convert ammonia into the true signal for repression, glutamine, or, perhaps, a metabolite of glutamine. Therefore, many glnA missense mutants should appear resistant to repression by ammonia, and in fact several such Gln(AC)-strains have been isolated in a related species, Klebsiella pneumoniae (23) . Thus, glnA51 is probably a simple missense mutation, and its regulatory defect is a physiological consequence of its lack of GS activity. This finding strengthens our earlier argument for autoregulation of GS (26) . Since a mutation leading to the GlnC phenotype (glnA29) lies between a point mutation leading to complete lack of GS (glnA20) and glnA51, we conclude that glnA29 is a mutation in g1nA, the structural gene for GS.
If the GlnC-type mutations are mutations in ginA, then the GS of GlnC strains should have a different primary amino acid sequence. Unfortunately, we have been unable to detect any difference in the two-dimensional electrophoretic fingerprints of the GS tryptic peptides from the wild-type and the three GlnC strains described here. Apparently, the mutational changes do not result in a sufficiently great difference in size or charge to be detected by electrophoresis at pH 3.5 or 6.5.
What is the nature of the defect in GlnC strains? We have suggested earlier (8) that adenylylated GS represses GS formation and nonadenylylated GS does not. Thus, a conformational change occurring as a result of adenylylation allows repression. We propose that the GS in GlnC strains is frozen in the nonrepressing conformation, whatever the state of adenylylation. This is the conformation corresponding to non-adenylylated wild-type GS. Since non-adenylylated wild-type GS is the normal substrate for the adenylylation reaction, we might expect the GS from GlnC strains to be more susceptible to adenylylation than that of the wild type. This appears to be the case, at least in vivo (Table 2) . Further, adenylylated wild-type GS is unable to activate the transcription of the hut operons, even in vitro (30), yet adenylylated GS from the GlnC strain MK9528 (glnA4) is fully capable of activating histidase formation (in vivo) (18) , in keeping with the view that the adenylylated GS of a GlnC strain has maintained the configuration associated with the non-adenylylated GS of the wild type. Further support for this model is presented in the accompanying paper (3).
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